ABSTRACT Plant polyphenols, especially flavonoids, are of great interest due to their wide range of biological activities. Quercetin, a ubiquitous flavonoid, is known to have antioxidant and antibacterial effects. In this study, we investigated the effect of quercetin on performance, egg quality, cecal microflora populations, and antioxidant status in laying hens. Two hundred forty 28-wk-old Hessian laying hens, with an average laying rate of lay 85% at the start, were randomly allotted to 4 treatments and fed 1 of 4 diets (negative control, 0.2, 0.4, and 0.6 g of quercetin/kg of diet) for 8 wk. Layer performance responses, egg quality parameters, cecal microflora populations and antioxidant status were measured at the end of the experiment. Results showed that feed conversion decreased as the quercetin level increased. Laying rate had a quadratic correlation with the level of quercetin (P = 0.056) and was maximized by the supplementation level of 0.2 g/kg of diet. However, no significant quercetin effect was observed on egg quality. Regression analysis showed that the population of total aerobes and coliforms decreased and the population of Bifidobacteria increased as the level of quercetin increased. Regression analysis also showed the activities of Cu-Zn-superoxide dismutase increased as the level of quercetin increased (P < 0.05). Results of the study suggest that the appropriate level of supplementation is 0.367 to 0.369 g of quercetin/kg of feed based on the improvement of laying rate (with 88.55 as maximum value) and feed conversion (with 2.0725 as minimum value). Our observations provided further evidence that dietary supplementation of quercetin improved performance by modulation of intestinal environment and liver superoxide dismutase content in laying hens. Quercetin has the potential as functional feed additive in animal production.
INTRODUCTION
Plant polyphenols, especially flavonoids, are of great interest due to their wide range of biological activities including antioxidant and antibacterial properties. Incorporating subtherapeutic levels of antibacterial feed additives in swine and poultry feeds is a relatively common practice since the early 1950s. Nutritionally functional foods with antimicrobial activity are used for improvement of performance of poultry by helping control pathogen bacteria in the gut mucosa (Sallam et al., 2004) . This results in improved weight gain, feed conversion ratio, and uniformity (Guo et al., 2004; Willis et al., 2008) . Antibacterial agents alter the microflora environment in the gut of animals and protect animals against competition for critical nutrients and a reduction in pathogenic metabolites to promote rapid growth and improve feed efficiency (Klose et al., 2010) .
Free radicals are produced excessively in the state of stress or aging, which results in structural abnormalities and dysfunction of the cell and mitochondrial membranes. This in turn affects performance of animals, even leading to the occurrence of the disease (Valko et al., 2007; Seven et al., 2012) . Commonly referred to as a strong antioxidant, quercetin protects against diseases associated with oxidative stress such as inflammation, cancer, cardiovascular diseases, and other generative diseases (McDermott, 2000) . Quercetin, which belongs to the flavonol class of flavonoids, a type of plant-based chemical, contains the basic flavonoid structure of 15 carbon atoms arranged in 3 rings (C6-C3-C6). It is abundant in fruits and vegetables, especially apples and onions (Arabbi et al., 2004) . Quercetin scavenges reactive oxygen species produced by the photosynthetic electron transport system in plant cells and protects body tissues against free radicals. Oxidative stress can result in structural abnormalities and dysfunction of the cell and antioxidants such as vitamin C, vitamin E, and carotenoids, can protect against these harmful effects (Chen et al., 1989 (Chen et al., , 1990 Robak and Gryglewski, 1988) . Bioactive substances, with antibacterial and antiviral activity, can be used as growth promoters to increase efficiency, weight gain, and survival (Stutz and Lawton, 1984; McEwen and Fedorka-Cray, 2002; Kidd, 2004) . Because of the various health claims, the use of quercetin as functional food ingredient or food supplement has increased the daily consumption of quercetin by several fold (Middleton et al., 2000) . However, the potential of quercetin to enhance performance of laying hens has not been studied. Previous works in our laboratory demonstrated that flavonoids from sea buckthorn, in which quercetin has the highest content (up to 50%), reduced oxidative stress, and improved performance in pigs and broilers Liu et al., 2008; Chen et al., 2011) . We hypothesize that dietary supplement of quercetin improves measures of performance due to its antioxidant and antibacterial activity. The objective of this study was to determine the effect of dietary quercetin on performance, cecal microflora populations, egg quality, and antioxidant status in laying hens during the peak laying period.
MATERIALS AND METHODS

Birds and Experimental Treatment
Two hundred forty Hessian laying hens (28-wk old), with an average laying rate of 85%, were obtained from a commercial facility (Yinong Poultry Limited Company, Harbin, China). Birds were vaccinated at hatch for Marek's, infectious bronchitis, and Newcastle disease. Laying hens were randomly allotted to 4 experimental treatments for 8 wk, housed in standard battery cages. The cages were designed to house 2 hens with dimensions of 48.8 cm wide, 38.1 cm deep, and 38.1 cm high (619.8 cm 2 /hen). Each treatment had 60 laying hens arranged in 6 replicates of 10 laying hens. A 16L:8D lighting program was applied during the experiment. Water and experimental diets were available for ad libitum consumption. Housing, management, and care of the birds conformed to the Northeast Agricultural University, Faculty of Animal Science and Aquaculture guidelines.
The experimental diets were based on corn and soybean meal, with 4 levels of quercetin: 0, 0.2, 0.4, and 0.6 g of quercetin/kg of feed. Diets were given in mash form, after grinding with a 5-mm mesh. Composition analysis of the control diet can be found in Table 1 . Table 2 shows the contents of CP (method 2.057), calcium [method 7.097 (a) and 7.098], and phosphorus (method 7.123) by AOAC (1980) . Diets containing quercetin were mixed of basal diet and quercetin dihydrate powder with 97% purity purchased from Sigma-Aldrich Company (St. Louis, MO). The contents of quercetin in diets and the dehydrate powder were analyzed (Table  2) by HPLC using an HPLC system (Shimadzu, Columbia, MD) consisting of a solvent delivery pump (model LC-10 ADvp). The HPLC was equipped with a 250 × 4.60 mm inside diameter, 5 µm C18-RP Luna column (Phenomenex, Torrance, CA) maintained at 30°C. Mobile phase was methanol/0.1% phosphoric acid (3/2, vol/vol) with 1.0 mL/min flow rate; UV detection was performed at 339 nm.
Layer Performance Responses
Layer performance responses such as laying rate (LR), egg weight (EW), and feed conversion (FC, g of feed: g of egg) were determined once per week during the 8 experimental weeks. Weekly feed intake per layer was calculated on a cage basis by dividing the amount of weekly feed consumption (corrected for the feed consumed by the birds that died during the week) by the number of birds alive at the end of the week. In addition, overall laying, egg weight, and feed conversion were calculated and presented for the 8-wk experimental period. 
Egg Quality Parameters
Parameters included egg weight, egg mass, eggshell thickness and strength, and Haugh units. All parameters were evaluated on eggs collected over 24 h every other week. Eggshell strength (unit: N) was evaluated using an eggshell strength tester (type II Fuji level, Kogyo Co. Ltd., Tokyo, Japan). Haugh units were calculated using the HU formula (Eisen et al., 1962) based on the height of the albumen as determined by an albumen height analyzer (NF N-381, Fuji Flat Industry Co. Ltd., Tokyo, Japan) and egg weight. Eggshell thickness was determined by measuring the average thickness taken at 3 locations on the egg (sharp end, blunt end, and middle section of egg) using eggshell thickness tester (NFN-380, Fuji Flat Industry Co. Ltd.).
Cecal Microflora Populations
At 56 d of the experiment, 2 laying hens per replicate were randomly selected and euthanized, and the entire gastrointestinal tract was removed aseptically. The gastrointestinal tract was then divided into sections (ceca and colon) that were ligated with light twine before separating the ceca from the small intestine. For the bacterial enumeration in cecal digesta per bird, cecum frozen at −80°C was weighed and thawed similar to Mountzouris et al. (2007) . Intestinal contents were aseptically emptied in a new sterile bag and were immediately diluted 10-fold with sterile ice-cold anoxic PBS (0.1 M, pH 7.0) and subsequently homogenized. Each cecal digesta homogenate was serially diluted from 10 −1 to 10 −9 . Dilutions were subsequently plated on selective agar media, in duplicate, for the enumeration of target bacterial groups.
Total aerobes, coliforms, Lactobacillus spp., and Bifidobacterium spp. were enumerated using nutrient agar (Allison et al., 1989) , MacConkey agar (Mossel et al., 1963) , Lactobacillus selective agar (Rogosa et al., 1951) , and agar with BBL (lactic acid bacteria Bifidobacterium) medium (Teraguchi et al., 1978) , respectively. Plates were then incubated at 37°C for 24 h aerobically (nutrient, MacConkey agars, and Lactobacillus selective agar) or 48 h anaerobically (agar with BBL medium), and colonies were counted. Data were expressed as cfu per gram of content [log 10 (cfu/g)].
Antioxidant Status
At 56 d of the experiment, liver samples were taken from 2 birds per replicate, the same hens used for determination of cecal microflora populations, and snapfrozen in liquid nitrogen, then stored at −80°C until further analysis.
The activities of Cu-Zn-superoxide dismutase (CuZn-SOD), total antioxidative capability (T-AOC), glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) were determined using colorimetric assays. Activity of Cu-Zn-SOD was detected by WST method [WST-1, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt]. The T-AOC activity was determined by the FRAP method (ferric reducing ability of plasma). The GSH-Px was measured by the DTNB [5, 5′-dithiobis-(2-nitrobenzoic acid)] method. The MDA activity was determined by the TBA reaction method. All assay kits used were purchased from the Nanjing Jiancheng Institute of Bioengineering (Nanjing, Jiangsu, China), and the assays were conducted following the manufacturer's instructions. All samples were measured in triplicate to determine the activities of the enzymes. In the tissue homogenates, Cu-Zn-SOD and T-AOC activities were expressed as units per milligram of protein, GSH-Px activities as units per milliliter, and MDA activities as nanomoles per milligram of protein.
Statistical Analysis
The data from this experiment were subjected to one-way ANOVA as a completely randomized design with 4 treatments and 6 replicates in each treatment. The data were submitted to ANOVA, using the GLM procedure of SAS software (2001, SAS Institute Inc., Cary, NC). Treatment means were also tested using orthogonal polynomial contrasts for evaluation of the linear and quadratic effects in the dietary supplement. Statistical significance was considered at P < 0.05.
RESULTS AND DISCUSSION
Performance and Egg Quality
In the current experiment, feed conversion and laying rate showed a quadratic response to quercetin as shown in Table 3 . Laying rate was correlated with the level of quercetin (P = 0.056) and maximized by the supplementation level of 0.2 g/kg of diet (Table 7) . Treatment groups supplemented with quercetin had lower feed conversion, which was minimized by the supplementation level of 0.4 g/kg of quercetin. Brisibe et al. (2008) reported that dried Artemisia annua leaves, which are known to contain high levels of flavonoids, increase laying rate. Propolis, also rich in flavonoids, has been shown to increase laying rate, probably due to its antioxidant characteristics (Galal et al., 2008; Seven, 2008) . No significant difference was found in egg weight (Table  3 ) or egg quality parameters (Table 4) . This is in agreement with Yildiz et al. (2006) , who found no significant difference in egg quality characteristics from hens supplied with dietary Jerusalem artichoke, which contains quercetin. Together, quercetin supplement in diet could improve performance without reduction in egg quality in laying hens during the peak laying period.
Regression analysis, seen in Table 7, suggests that the appropriate level of supplementation is 0.367 to 0.369 g of quercetin/kg of feed based on the improvement of laying rate (with 88.55 as the maximum value) and feed conversion (with 2.0725 as the minimum value). It is not a surprise for quadratic effects between quercetin with performance in layers. Similar trends have been seen in studies that find flavonoid has phytoestrogen activity. When flavonoids are supplied in case of insufficient section of estrogen, they improve performance like other phytoestrogens. However, excess flavonoids may act as estrogen antagonists and inhibit the attachment of the estrogen to the receptor (Martin et al., 1978) . Interestingly, the similar correlation was also found on antioxidative activity of mixtures of quercetin and astaxanthin according to Becker et al. (2007) . This means the antioxidant effect of quercetin may be limited by threshold of some receptors. Collectively, best performance results are achieved by 0.367 to 0.369 g of quercetin per kilogram feed in laying hens during the peak laying period.
Cecal Microflora Populations
To explore a possible mechanism for the improvement of performance in layers with quercetin supplementation, cecal microflora populations and antioxidant status were determined. Regression analysis showed that the population of total aerobes and coliforms decreased, and the population of Bifidobacteria increased as the level of quercetin increased (Table 5 , P < 0.05). Improvement of microflora populations with quercetin level is consistent with the results from Marotti et al. (2007) . They found selected strains of Bifidobacteria, being active in the biotransformation of flavonoid glycosides occurring in common bean seeds and seedlings, could improve the nutritional and health properties of flavonoid-based products. The results indicated that quercetin might act as a metabolic prebiotic and exerted significant positive effects on the intestinal environment by modulation of the cecal microflora population. Similar effects were also found in tea phenolics and their aromatic fecal bacterial metabolites according to Lee et al. (2006) . Antibacterial effects may be induced by quercetin by inhibiting the supercoiling activity of bacterial gyrase and DNA cleavage resulting in improved intestinal environment and performance in hens (Plaper et al., 2003) . Furthermore, differences in gut microflora populations may affect the metabolism of flavonoids by variable preferential pathways that may differ in populations of hens of different species and age (Skibola and Smith, 2000) . It suggests that the antibacterial activity of quercetin may be varied in the other species of laying hens or different laying period in Hessian laying hens.
Antioxidant Status
An antioxidant effect was detected which may be responsible in part of the improvement in performance, combined with the antibacterial effect. Blueberry, rich in phenolics (such as quercetin), is known for antioxidant effects. Bacteria from the normal flora of blue- berry increase the total phenolic content after fermentation, and consequently affect the antioxidant activity of the fruit (Martin and Matar, 2005) . It suggested that the inhibition on harmful bacterium by quercetin might regulate intestinal environment and in turn induce the improvement of the antioxidant activity of quercetin. Quercetin, a natural polyphenolic flavonoid, may enhance immunity with antiinflammatory and antioxidant function (Dong et al., 2007) . To determine how quercetin affects the antioxidant status in laying hens, we determined the activity levels of Cu-Zn-SOD, T-AOC, GSH-PX, and MDA in liver tissue (Table 6) . A significant main effect of treatment was found for Cu-Zn-SOD (P = 0.014) with a significant linear effect (P < 0.05). There was also a trend for a positive correlation in regression analysis (Table 7 , P = 0.07). Superoxide dismutases are an important antioxidant defense system that catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide. Superoxide dismutase was found to inhibit the enhanced ·OH generation observed in the presence of quercetin (Laughton et al., 1989) . Similarly, Alía et al. (2006) reported an increase in gene expression of Cu-Zn-SOD in a human hepatoma cell line (HepG2) supplemented with 50 to 100 M quercetin. In this study, supplementation of quercetin improved Cu-Zn-SOD activity in the liver, which is consistent with the results of Zhang et al. (2009) and Zhao et al. (2011) . They found an increase of SOD activity with supplementation of 5 to 15 g/kg of ginger, which contains 0.13 to 0.38 g of quercetin eq./100 g of dry weight depending on ginger variety (Pawar et al., 2011) . However, MDA, T-AOC, and GSH-Px, which were also found to be inhibited by ginger, were not affected in the current study. The inconsistencies may be due to the synergistic effect of various components of ginger powder. Collectively, these data demonstrate that supplementation of quercetin affects antioxidant status by improving Cu-Zn-SOD activity in laying hens.
Conclusions
In this study, we found that laying rate was increased and feed conversion was decreased by quercetin supplementation in laying hens. Improvements were also seen in antioxidant and cecal microflora status, which were consistent with the previous work. Results revealed that quercetin could protect laying hens against pathogenic metabolites and free radicals to improve egg production and feed efficiency.
In summary, dietary supplementation of optimal quercetin dosage improved performance by modulation of the intestinal environment and liver superoxide dismutase content in laying hens. We approximate the appropriate dietary supplementation range of quercetin may be 0.367 to 0.369 g/kg in basal diet. Incorporating antioxidant and antibacterial components, including 1 Liver samples were taken within 5 min after slaughter and snap-frozen in liquid nitrogen, then stored at −80°C. The activities of Cu-Zn-SOD, T-AOC, GSH-Px, and MDA were determined using colorimetric methods with a spectrophotometer. All samples were measured in triplicate to determine the activities of the enzymes. Values are means of 6 replicates of 2 hens kept in individual cages. n = 12 per group.
2 Cu-Zn-SOD and T-AOC activity were detected by spectrophotometry kit. 3 GSH-Px was measured by the DTNB [5,5′-dithiobis-(2-nitrobenzoic acid)] method. 4 MDA was determined by TBA reaction method.
quercetin, in laying hens' diets can be effective based on cost and availability. However, the mechanism of quercetin as an antioxidant or antibacterial performance promoter should be further researched. 
